Raman spectroscopy is used to study magnetic excitations in the quasi one dimensional S = 1/2 quantum spin systems Cu(Qnx)(Cl1−xBrx)2. The low energy spectrum is found to be dominated by a two-magnon continuum as expected from the numerical calculations for the Heisenberg spin ladder model. The continuum shifts to higher energies as more Br is introduced. The cutoff of the scattering increases faster than the onset indicating that the increase of exchange constant along the leg is the main effect on the magnetic properties. The upper and lower continuum thresholds are measured as a function of Br content across the entire range and compared to estimates based on previous bulk studies. We observe small systematic deviations that are discussed.
I. INTRODUCTION
Heisenberg S = 1/2 quantum spin ladders are among the most fundamental models in low dimensional solid state physics.
1-3 The limiting cases of non-interacting dimers and non-interacting spin chains have exact solutions. The ground state and excitations change dramatically with a changing ratio of exchange constants along the ladder leg (J || ) and rung (J ⊥ ), respectively. On the experimental side, recent progress in organic quantum materials led to the discovery of several excellent spinladder prototype compounds. Perhaps the "cleanest" realizations of the model are DIMPY -(C 7 H 10 N) 2 CuBr 4
4-6
and BPCB -(C 5 H 12 N) 2 CuBr 4 7-11 for the strong-leg and strong-rung case, respectively. The recently characterized family of materials Cu(Qnx)(Cl 1−x Br x ) 2 , [12] [13] [14] [15] [16] [17] where Qnx stands for quinoxaline (C 8 H 6 N 2 ), opened a new opportunity of continuously varying the leg to rung exchange ratio, albeit in a rather narrow range. Most previous studies of these materials concentrated on the bulk measurements and provided rough estimates of these parameters: J || = 1.61 meV, J ⊥ = 2.95 meV (J ⊥ /J || = 1.83) and J || = 1.99 meV, J ⊥ = 3.26 meV (J ⊥ /J || = 1.64) for x = 0 and x = 1, respectively. To date, the only direct study of the excitation spectrum are neutron experiments on powder samples of the Brrich material 15 . Unfortunately, more detailed neutron studies are hindered by the challenges of growing suitable single crystals and by the need to fully deuterate the organic ligand.
An alternative approach to studying magnetic excitations in quantum spin systems is provided by light spectroscopy. 18 This technique has been applied to a variety of materials, including dimer compounds 19 and spin chains. 20, 21 Raman spectroscopy has also proven useful in probing quantum criticality. 22, 23 For spin ladders, Raman techniques are particularly appealing. The simplest case of 2-magnon scattering essentially probes energy-energy correlations between exchange bonds. 24 In the general case, the measured signal is a combination of specific spin spin correlation functions with unknown coefficients that depend on the electronic structure. For the simple Heisenberg spin ladder model though, contributions of interactions on the rungs and legs are proportionate, and therefore the spectrum can be calculated to within a single scale factor. function of Br concentration. Comparing our results to estimates based on previous bulk measurements, we note systematic discrepancies. These findings are discussed in the context of existing numerical calculations of Raman spectra for the ideal Heisenberg spin ladder model.
II. EXPERIMENT
The Cu(Qnx)(Cl 1−x Br x ) 2 crystals used in this study were grown by slow diffusion in methanol solution 14 . They crystalize in a monoclinic C 2/m space group, with lattice parameters a=13.237 , b=6.935Å, c=9.775 A, β=107.88
• for pure Cu(Qnx)Cl 2 12 and a=13.175 A, b=6.929Å, c=10.356Å, β=107.70
• for pure Cu(Qnx)Br 2 .
13 Antiferromagnetic chains of S = 1/2 Cu 2+ ions bridged by Qnx molecules run along the crystalographic b axis. As shown in Fig. 1 , these chains are coupled into ladders by rung superexchange paths via pairs of halogen ions. As Cl is gradually replaced by Br, the most significant crystalographic change is the increase of the lattice constant c, which affects the CuCl/Br-Cu bond angle, and thereby results in a change of the rung exchange constant.
17 Interestingly, the magnetic properties are modified more strongly along the leg. This is because of a complex orbital overlap through Qnx molecules. 16 A subtle crystalographic change along the leg due to chemical pressure leads to a considerable change in the magnetic properties. As-grown crystals of a typical size 2x1x1 mm 3 were aligned using an X-Ray diffractometer. In all cases, the surfaces studied contained a well-defined b axis, which coincides with the leg of the ladder. Intensity (arb. units)
The spectra from the two end compounds. The sharp features are due to lattice vibrations. The broad continuum is due to two-magnon scattering. The most intense phonons are shaded.
Raman spectroscopy measurements were carried out in a backscattering geometry, using a λ = 532 nm solid state laser. A low power of 0.5 mW was used in order to limit sample heating. The spectra were obtained a using Trivista tripple spectrometer and a liquid nitrogen cooled CCD detector with reduced etaloning. The samples were cooled down using a helium flow optical cryostat from Cryovac. Most measurements were performed at a temperature of 4 K. In order to obtain good quality spectra at base temperature, measurements were taken in several acquisitions which allowed increasing signal to noise ratio and removing detector response to cosmic muons. The total counting time was of the order of 10 hours per sample for the base temperature measurements. Shorter scans were performed when studying temperature and polarisation dependencies.
The polarisation of incoming and detected light was selected by using a λ/2 plate and a polariser, respectively. Additionally, a λ/4 plate was introduced after the polariser to correct for the efficiency of the grating as function of the polarization of the light. The spectra were normalised to a standard light source, in order to remove the nonuniform response of the spectrometer. In the text below we define the polarizations of incoming and analyzed light in terms of the crystal axes. In this notation, the polarization of both incoming and analyzed light along the ladder direction (crystallographic b axis) is denoted as " (bb)". Due to the way the crystals grew, we could not perfectly control the geometry of the experiment in the transverse direction, therefore we use "(xx)" to indicate that both polarizations are transverse to the direction of the leg.
III. EXPERIMENTAL RESULTS
At high temperatures, the obtained spectra are dominated by phonons. As the temperature is lowered down to about 60 K, a broad continuum of excitations develops at low energies, as shown in Fig. 2 . From its temperature behavior, comparison with neutron results 15 and theoretical expectations 25 , we interpret this broad low-energy feature as coming from two-magnon magnetic scattering. The inset shows the integrated intensity of the twomagnon scattering as a function of temperature, which is similar to one observed in a similar strong-rung ladder BPCB. 31 The shape of this signal remains unchanged in different polarization configurations that we could access, but its intensity is strongest in (bb) geometry as shown in Fig. 3 . Due to the shape of the crystals we could not access (yy) geometry in a controlled manner. From now on all the data shown and discussed here were taken in (bb) configuration. The low-energy spectra for the two end compounds in the series are shown in greater detail in Fig. 4 . The sharp peak in the middle of the magnetic continuum is a phonon related to the halogen ion movement, as it shifts significantly as a function of Br content.
In order to extract the information about the spin excitation gap and the magnon bandwidth, we studied the spectral region close to the onset E − (Fig. 5 ) and upper bound E + (Fig. 6 ) of the continuum. The corresponding threshold energies were determined empirically by linear extrapolation, as shown. We empirically fitted two straight lines below and above the thresholds, and defined the intersection of the two as the threshold value. The linear fit covered an energy range of ±7 cm 
IV. DISCUSSION
The overall shape of the observed scattering is qualitatively in very good agreement with theoretical predictions for a simple Heisenberg spin ladder with J ⊥ /J || ∼ 1.7. The two-magnon continuum is rather symmetric as expexted for present ratio of exchange constants. As Cl is replaced by Br, both the onset and the cutoff of the scattering increases steadily, suggesting that the energy scale involved in the exchange is increasing. More importantly, the cutoff increases at a greater rate than the onset. This indicates that upon increase of Br concentration, the exchange along the leg of the ladder is increasing faster than the exchange along the rung pushing the system towards the isotropic spin ladder case.
For a quantitative analysis we consider the extracted values for the onset and cutoff of the scattering continuum. It has been shown in 25 that the onset of the scattering corresponds to the value of twice the gap size ∆. We make use of these considerations for a comparison with expectations and related earlier studies. In Fig. 7b , 2∆ estimated from bulk magnetic measurements 17 and neutron scattering experiments 15 is plotted in circles and open triangles respectively for a direct comparison with our result. Through the entire concentration range, the Raman data reproduces the trends observed by other techniques rather well. However, the measured threshold is consistently below estimates based on previous studies, by roughly 10 %.
Since Cu(Qnx)(Cl 1−x Br x ) 2 materials are strong-rung ladders, they are expected to have well-defined singlemagnon excitations across the entire Brillouin zone (see, for example, 32 ). Assuming non-interacting magnons, we can relate E + to the upper bound of a q = 0 2-magnon continuum computed using the single-magnon dispersion relation. Computational studies have indeed shown this to be the appropriate description 25 In this fashion we first estimated E + /J || for two specific ladder species with J ⊥ /J || = 2 and J ⊥ /J || = 1, for which the magnon dispersion relation has been previously derived using DMRG techniques. 32 For the two cases, we obtain E + /J || = 6.28 and E + /J || = 4.08, respectively. We then used a linear interpolation of E + /J || vs. J ⊥ /J || to obtain E + for the actual exchange constants in Cu(Qnx)(Cl 1−x Br x ) 2 , as estimated by bulk magnetometry. 17 The resulting estimate for E + is plotted in semi-filled circles in Fig. 7a . Once again, the experimental trend is well reproduced, but the observed upper Raman continuum threshold is typically 10% below the estimate.
Bulk magnetic measurements may not provide a particualrly reliable estimate for J ⊥ /J || , but actually are a very robust way to determine the spin gap ∆. At least for the lower continuum threshold, the observed 10% discrepancy therefore requires explanation. It seems that the most likely cause are terms in the spin Hamiltonian of CQX unaccounted for by the simple Heisenberg ladder model. In particular, the culprit could be weak inter-ladder coupling. If such interactions produced a 15 The dashed lines are guides to the eye. 0.3 meV magnon dispersion perpendicular to the ladders axis, they would remain impossible to detect in the powder neutron scattering experiment of Ref. 15 On the other hand, the gap extracted from magnetometry assuming a purely one-dimensional model would not be correct. Compared to the true spin gap (the global minimum in the 3-dimensional magnon dispersion), it would be too large by about half the transverse magnon bandwidth, or 0.15 meV. That would account for the observed discrepancies on the lower threshold of the Raman continuum. The failings of an analysis that assumes a purely onedimensional model would then propagate to the estimate of J ⊥ /J || and the upper continuum threshold.
V. CONCLUSION
In summary, we have obtained high quality magnetic raman scattering data on a family Cu(Qnx)(Cl 1−x Br x ) 2 which are close to being ideal Heisenberg systems. The observed scattering from two-magnon continuum has been found to shift to higher energies as more Br is introduced. The faster increase of the scattering sutoff is consistent with the system approaching the isotropic ladder. While the trend and observations are generally consistent with previous bulk measurements, some deviations persist. We hope that this work will stimulate numerical calculations of the exact shape of the Raman continuum for the partucular values of J ⊥ /J || found in Cu(Qnx)(Cl 1−x Br x ) 2 for a direct comparison with experiment. Such a comparison will also clarify if the inconsistencies between gap energies deduced from Raman, neutron and bulk experiments are indeed due to interladder coupling. Alternatively, the discrepancy may be due to an intrinsic feature of the Heisenberg ladder, such as magnon-magnon interactions.
